Thermophotovoltaic (TPV) generation of electricity is attracting attention because of advances in materials and devices and because of a widening appreciation of the large number of applications thatmay be addressed using TPVbased generators. The attractions include the wide range of fuel sources and the potentially high power density outputs.
Both broad-band and selective emitter-based TPV systems are presently under development in the United States and components of both types of system have been discussed at the National Renewable Energy Laboratory's (NREL) conferences on the subject [3, 41. The conference proceedings represent the state-of-the-art of the subject. In this paper, we shall discuss a cross-section of the papers reported at these meetings.
COMPONENTS OF A TPV SYSTEM
All TPV systems must include (1) a fuel and a burner, (2) a radiator, (3) a means of recovering unuseable longwave photons, (4) a photovoltaic converter, and (5) a system for waste-heat recuperation. We shall briefly review progress in these areas.
Burners
In the United States, the burner industry consists of a very diverse and fragmented collection of manufacturers that are mainly small businesses. Radiant burners have been developed primarily to operate in the 1500 K range and are near-ideal for TPV systems. In the majority of applications (such as drying of paper, crops, inks, and paints), the longwave radiation is useful because it penetrates further into the material and assists uniform drying. For TPV systems, the long-wave radiation is problematic. In the United States, the burners are mainly of the porous ceramic type (such as silicon carbide), although some are based on metal-mesh approaches. There is no incentive to operate above 1500 K because problems with NOx emissions increase exponentially with temperature. In surveys we have conducted, manufacturers of burners are generally unaware of the existence of TPV and several appear interested in becoming involved. We have not been able to identify any insurmountable barriers in burner technology and this component of a TPV system appears to be the most readily adaptable to needs.
Burners are durable, can accomodate a wide variety of fuels, have both high and low thermal masses (as desired), and are a small part of the total cost of prospective systems.
Selective Emitters
In rare-earth oxides, the 5s and 5p electron shells begin to fill before the 4f shell, which contains the valence electrons, is filled. The valence electrons are, therefore, screened, and rare-earth ions behave like gaseous ions and emit line-spectra, rather than continuous spectra. This causes the selectivity of rare-earth oxides for which they are exploited in some TPV systems. The emissivity is high within the emission band and low outside it. The 5s and 5p electrons ensure that the environment around the atoms has little effect on them. Hence, their optical and electrical properties are relatively invariant, whether as oxides or as dopants in other materials.
The emission band of Yb2O3 corresponds to the bandgap of silicon; Er2O3corresponds to Ge (or GaSb); and H02O3 corresponds to Ill-V alloys, such as GaXlnl.,As and Gaxln~-xAsySb~.y, bandgaps of approximately 0.5 eV [7] . Chubb et al. [8] analysed both thin-film and small-particle selective emitters [8, 91 and showed that (1) the emission characteristics are governed by the diameter of the particles or the thickness of the films, and (2) the optimum characteristic dimension is approximately 8-20 pm, for an emitter temperature of 1500-2000 K. The approach divided the radiation into three bands, corresponding to the in-band, highenergy, and low-energy, components. The efficiency was defined as the ratio of the in-band component of radiated energy to the total radiated energy. This was expressed as a function of particle size, particle concentration, emitter thickness, and various other material parameters. The emissivity increases to near unity at some upper wavelength limit, due to lattice vibrations. The long-wave radiation must be reflected back to the radiator to maximize system efficiency, a requirement that is common to both selective and broadband radiators. Chubb et al. [8] showed that the efficiency of the in-band process could exceed 0.6, with radiated power densities exceeding 10 watts cm-'.
Nelson [7] was one of the pioneers of this technology and was originally responsible for producting the first practical selective emitter system This used a "rug" of fibers of Yb2O3, produced by a replication process. Rayon fibers were impregnated with ytterbium nitrate and dried. They were then tufted into a porous ceramic support structure and subjected to a controlled heat-treatment. This converted the nitrate into oxide and, with further heat-treatment, the organic fiber was burned off, leaving behind a ceramic skeletal structure. The diameter of the ceramic fibers was about 10 pm, and they were strong and resistant to mechanical vibration, but their production is labor-intensive. Aschematic of the structure is shown in Figure 2 . The fuel passes through the body of the plenum and then through the porous ceramic substrate. It is burned above the substrate surface, but below the tips of the fiber loops. Only the fibers are heated, and there is insignificant broad-band radiation from the substrate.
The silicon-convertible radiation was measured as a function of the fuel/air mixture, the pre-heating temperature of the fuel, and the fuel load. Figure 3 shows the siliconconvertible exitance (or emittance), without pre-heating, as a function of the fuel load. This shows that at least 4 watts cm-2 are available for conversion. Under a recent ARPA contract, Nelson has now reported a radiator yielding approximately 6 watts cm-2 of silicon-convertible energy which, if converted by the high-quality silicon solar cells, would give greater than 2 watts cm-2. It was also claimed that NOx emissions were low. Although the fuel-to-photon conversion efficiency appears low without pre-heating, the emitter -0.05Z"DlA. design is appropriate for self-powered gas furnaces and eliminates certain safety issues.
Holmquist [lo] discussed a selective emitter based on Yb2O3, fabricated using a replication process. A rayon-felt mat of fibers was first coated with ytterbium nitrate. This was reacted with ammonia to form the hydroxide, which coated the rayon fibers. Finally, the mat was heated in oxygen to form the oxide. The heating schedule was crucial, because there was substantial shrinkage. At this stage, the oxide was amorphous but was made crystalline (and stronger) by heating to a much higher temperature in an inert atmosphere. The diameter of the fibers was about 10 pm, consistent with the theoretical considerations discussed above. It was claimed that a temperature of 2000 K was achieved with an oxygedmethane mixture, although there was apparently some localized melting of the emitter. It was also claimed that high-eff iciency silicon converter cells gave an output of 2.4 kilo watts, although the efficiency of the system is uncertain.
Lowe et al. [ I l l developed selective emitters based on erbium and holmium-doped yttrium aluminum garnet (YAG). The erbium emission matches an Ino.53Gao.47As converter grown lattice-matched on an InP substrate, whereas holmium matches Ino.8Gao.2As, grown lattice-mismatched on an InP substrate. The YAG substrates were cut from Czochralskigrown crystals, polished on both sides; measurements were made of the spectral emittance and the emitter efficiency of samples placed at the window of a furnace. Their temperature was approximately 1472 K. At the time of publication, no attempt had been made to optimize the doping or the thickness of the samples; they were cornmercially available and typically used for solid-state lasers. It was mentioned that two dopants may be used for use in tandem TPV devices and to increase the overall efficiency of emission. The measured efficiencies were approximately 60% within the emission band, for YAG doped with 40% Er/l 5% Ho. It was stressed that there was a significant temperature gradient across the films, and this must have modified the emission characteristics. The spectral emittance of an Er-25%/Ho-40% doped YAG is shown in Figure 4 , from which it is seen that the emittance reaches almost 60%. However, the offband emission was between 20-30%, which is too large. There may be additional problems of fragility, manufacturability, and excessive vapor pressures with fibrous emitter systems, although their proponents do not regard these as insurmountable. There are also very few estimates of the conversion efficiency of fuel to phlotons. Doped YAG emitters appear to have significant potential although they may be economically unacceptable.
Broad-Band Emitters
Black and grey-bodies emit across a wide range of wavelengths according to Planck's equation. Many photons have energies less than the bandgap of typical converters and must be returned to the radiator to conserve energy. Many absorbed photons have more energy than needed to excite band-to-band transitions of electrons, implying that thermalization of excited charge causes the cells to heat and necessitate cooling. Modelling of converter performance shows the optimum bandgap does not depend very sensitively on the radiator temperature in the range 1300-1700 K, but must be aproximately 0.4-0.7 eV [6] , as illustrated in Figure 1 .
Pernisz et al.
[12] developed a novel silicon carbide (Sic) radiator using a precursor chemistry that provided considerable flexibility in manufacture. The precursors were organic siloxanes based on methyl, phenyl, and vinyl groups. Prior to pyrolization, the precursor was formed into the desired shape using pressing or extruding techniques, and then machined to achieve the desired dimensions and surface finish. After this, the "green body" was pyrolized at 1600-2200°C to form Sic. The density and porosity of the finished radiator could be controlled with additives and by the temperature of pyrolysis. The spectral emissivity was measured and found to be at least 0.84 over most of the wavelength range from 1.2-3 pm. The ability to control the poros j $ 0 t " . . . , " "~~' "~"
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Wavelength A, microns Figure 4 : Spectral emittance of Er-40%:Ho-25% doped YAG ity implies that the SIC could be used as the burner element. This may be, for example, in the form of a tube with fuel burning in the center and the outer surface radiating to the converter cells. A variant of this was used by Fraas et al. [13] in a configuration known as a "spine disc burner/emitter". A schematic of the system is shown in Figure 5 . Fuel is passed through holes machined in a set of Sic discs to an ignitor chamber, where it is burned. After combustion in the ignitor chamber, the hot exhaust gases pass through central holes in a second set of discs; the spine discs. Successive spinediscs are rotated with respect to each other, resulting in turbulence of the hot gas and efficient heating of the discs. The infrared radiation is incident on the TPV cells, which are positioned a small distance from the outer surface of the spine discs. After passing through the spine discs, the hot exhaust gases are passed back to the first set of discs and pre-heat the incoming fuel. All components of a full system are shown here, including the TPV cells and a silica heat shield. This absorbs all radiation of wavelength greater than 4 pm, causing it to heat and re-emit half the radiation back to the radiator.
The broad-band approach is simpler than using a selective emitter, it is easier to manufacture, may be more durable, and is less labor-intensive.
PHOTOVOLTAIC CONVERTERS
It was originally envisaged that selective emitters would be used at as high a temperature as practicable (2000 K being the objective), in conjunction with silicon photovoltaic converter cells. If systems using Yb2O3 in conjunction with silicon cells can be reduced to practicality, they should give high power densities at low cost per watt. This is still the basis of the work being done by Nelson et al. [7] and by Holmquist [lo] . There are, however, significant engineering problems in working at such a high temperature, and other Lower radiator temperatures may increase system durability, lessen heat-loss problems, and would cause less NOx emission. They also necessitate lower bandgap converters, used with broad-band, erbia or holmia radiators. The issue then becomes the fabrication of the optimum converter, which has not been fully resolved at this point. In this section, we shall review ongoing research into the development of low-bandgap converters, based on the Ill-V family of semiconductors. Figure 6 shows the variation of bandgap with lattice constant for some compounds and alloys from the Ill-V family of semiconductors. By drawing an abscissa at approximately 0.5 eV, we can establish the materials of relevance for TPV converters. Fraas et al. 1131 successfully used GaSb (with Eg = 0.73 eV), using a simple diffusion process. They argued that this approach offers significant economic advantages, compared with fabrication of devices using epitaxial processes.
Modelling studies [6] showed that, in principle, the bandgap of GaSb is slightly too large; the ideal being approximately 0.5 eV. This, however, remains to be resolved practically because there may be additional issues (for example, elevated operating temperature, additional recombination processes, parasitic series-resistance losses, and others) that complicate the choice. There is, at present, no recognizably near-ideal semiconductor converter and several options are being investigated.
Wojtczuk [14] performed an empirical investigation to determine the ideal bandgap. Cells were grown using atmospheric pressure organometallic vapor phase epitaxy (APOMVPE) using InP substrates. Gao 47lno 53As has the same lattice constant as InP, but its bandgap of 0.73 eV is larger than ideal. By increasing the atomic proportion ofindium, the bandgap may be reduced but the epitaxial layers are then in biaxial compression. The device performance is impaired by dislocations that form to relieve the strain. The devices made by Wojtczuk [14] had bandgaps in the range 0.73-0.5 eV; compressive stresses increased with decreasing bandgap, and the concentration of defects increased accordingly. It was established that the optimum bandgap was 0.64 eV, because the increasing concentration of defects at lower bandgaps caused performance to deteriorate much quicker than the simple modelling predicted.
In an effort to reduce the concentration of dislocations in the epitaxial layers, Wanlass et al. [6] and Wilt et al. [15] used both continuous-and step-grading, whereby the composition of the Gal-,ln,As was gradually made increasingly indium-rich from the InP substrate upwards to the final device layers. In both cases, growth was performed using APOMVPE, and grading reduced the strain in the active layers of the converter, enabled the Gal-,ln,As bandgap to be reduced to 0.5 eV (for x-0.75) and allowed good device performance to be obtained. Figure 7 illustrates deterioration in carrier collection with increasing indium and decreasing bandgap, indicating that recombination at dislocations was probably dominating over the near-to-optimum bandgap. At a bandgap of 0.49 eV, the performance was no longer adequate, presumably because there was a severe increase in the concentration of defects. In addition, even if dislocation-free material could be grown, it is possible that Auger recombination may become important at lower bandgaps, as reported by Kurtz et al. [16] . Figure 8 shows the J/V characteristic for a mismatched device with a bandgap of 0.55 eV and with excellent performance.
Referring again to Figure 5 , we see that it is possible to grow materials in the family Gaxln~.,AsySb~, that are lattice-matched to either lnAs or GaSb, and with bandgaps of 0.36-0.73 eV. This alloy is being developed for long-wavelength and intermediate wavelength lasers. Efforts are now being made in the present context to use it to eliminate the dislocation problems in GalnAs described above to grow epitaxial layers with bandgaps of 0.5-0.55 eV.
Wong et al. [17] , for example, grew layers of Ga0.82~no.l8AS0.16Sb0.84, which is lattice-matched to GaSb and has a bandgap of 0.6 eV, using molecular-beam epitaxy (MBE). The aim was to fabricate a tandem cell with the junctions responding to the selective emissions from Er203 and H02O3, respectively. The bottom cell of the tandem was formed from the quaternary alloy, and the top cell was made of GaSb. Measurable output was obtained from both subcells, and this must stand as the first tandem TPV device. It should also be noted that this approach could also be used with a broad-band spectrum. Calculations indicate that the above bandgaps are too large: values of 0.55 eV and 0.4 eV are more suitable. This is based on modelling of tandem cells by Horner et al. [18] , who suggested an advanced concept using the alloy Ga,AsSb.
In the modelling mentioned above, it was assumed that the sub-bandgap photons are returned to the radiating surface and re-absorbed with high efficiency. Several approaches are being investigated to achieve this, as briefly reviewed below.
Plasmdlnterference Filters
A thin-film with a carrier concentration of about 1020 ~m -~ exhibits a transition from high transmittance to high reflectance at a wavelength of around 3 Fm, the plasma wavelength. This approach has been used by various workers, including: Ehsani et al. [19] , who attempted to use degenerately doped silicon; Wu et al. [20] , who developed filters based on cadmium stannate; and by Murthy et al. [21] , who used indium tin oxide. In each case, free-carrier absorption was excessive. A plasma filter may be combined with a multi-layer dielectric edge-filter. The edge filter (on one side of a transmissive substrate) may be used to reflect photons in the range between the plasma wavelength and the bandgap of the converter, and also to transmit shorter wavelengths. Edge filters always exhibit side-bands, and the plasma filter (on the opposite side of the transmissive substrate) reflects the radiation before reaching the dielectric filter. Nevertheless, absorption is still problematic.
Back-Surface Reflector
If a transmissive substrate is used, sub-bandgap radiation is transmitted to the back surface and is reflected back to the radiator. Charache et al. [22] suggested that this could be achieved by growing a quaternary alloy grown on GaSb. The substrate must be conductive (i.e., relatively heavily doped) to minimize contact resistance, but free carriers absorb some of the sub-bandgap radiation, which heats the substrate. A low contact resistance is required, but not at the expense of optical absorption. The back contact must be highly reflective, and various approaches were tried. These included the use of a non-alloyed contact to an lnAs substrate, a heavily doped back-surface layer on a GaSb or InP substrate, and an alloyed grid contact used in conjunction with a planar metal reflector. Modelling work showed that a specific contact resistance less than 5x1 0-5 R cm-2 and as high a reflectance as possible were required. Each of the approaches investigated was promising and gave a specific contact less than the target value, with sub-bandgap reflectances of greater than 80%. Hence, the use of a backsurface reflector appears more promising than the plasmal interference filter approach.
Resonant Filter Array
Horne et al. [23] discussed the use of a high-density array of antenna elements. Two concepts were investigated, and both required high-resolution lithography using electrons or ions. Slots etched into a metal film cause inductive resonance, and the film acts as a band-pass filter. Metal ele-ments deposited onto a dielectric substrate, produce a capacitive resonance (a rejection filter). In both cases, the dimensions must be of the same order as the wavelength of the radiation. The band-pass filter had reflectances near 100% for wavelengths greater than about 2 pm. Although the performance was excellent, production costs may be excessively high.
Intensive research is being conducted on all aspects of TPV components and systems. In this short review, we have attempted to describe a representative cross-section. Welldeveloped systems are being assembled for space application, and systems are being developed for use with solar heating and storage. Many options are open for burners1 emitters, converters, photon recirculation, and heat recovery. An embryonic industry is beginning to form, although most funding at present is military in origin. There are potentially, however, many non-military applications that could command a very large market. At present, the main economic issue is the cost of the converters, which mainly use expensive substrates. If cells on low-cost substrates could be made, then business prospects would be excellent.
